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SUMMARY: 22 

Here we present a protocol describing viral transduction of discrete brain regions with 23 

optogenetic constructs to permit synapse-specific electrophysiological characterization in 24 

acute rodent brain slices. 25 

 26 

ABSTRACT: 27 

Studying the physiological properties of specific synapses in the brain, and how they undergo 28 

plastic changes, is a key challenge in modern neuroscience. Traditional in vitro 29 

electrophysiological techniques use electrical stimulation to evoke synaptic transmission. A 30 

major drawback of this method is its nonspecific nature; all axons in the region of the 31 

stimulating electrode will be activated, making it difficult to attribute an effect to a particular 32 

afferent connection. This issue can be overcome by replacing electrical stimulation with 33 

optogenetic-based stimulation. We describe a method for combining optogenetics with in 34 

vitro patch-clamp recordings. This is a powerful tool for the study of both basal synaptic 35 

transmission and synaptic plasticity of precise anatomically defined synaptic connections and 36 

is applicable to almost any pathway in the brain. Here, we describe the preparation and 37 

handling of a viral vector encoding channelrhodopsin protein for surgical injection into a pre-38 

synaptic region of interest (medial prefrontal cortex) in the rodent brain and making of acute 39 

slices of downstream target regions (lateral entorhinal cortex). A detailed procedure for 40 

combining patch-clamp recordings with synaptic activation by light stimulation to study short- 41 

and long-term synaptic plasticity is also presented. We discuss examples of experiments that 42 

achieve pathway- and cell-specificity by combining optogenetics and Cre-dependent cell 43 

labeling. Finally, histological confirmation of the pre-synaptic region of interest is described 44 

along with biocytin labeling of the post-synaptic cell, to allow further identification of the 45 

precise location and cell type. 46 

 47 
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INTRODUCTION: 48 

Understanding the physiology of synapses and how they undergo plastic changes is 49 

fundamental for understanding how brain networks function in the healthy brain1, and how 50 

they malfunction in brain disorders. The use of acute ex vivo brain slices allows for the 51 

recording of the electrical activity of synapses from single neurons with a high signal-to-noise 52 

ratio using whole-cell patch-clamp recordings. Control of membrane potential and 53 

straightforward pharmacological manipulation allows isolation of receptor subtypes. These 54 

recordings can be made with exquisite specificity to identify the post-synaptic neuron, 55 

including laminar and sub-regional position2, cellular morphology3, presence of molecular 56 

markers4, its afferent projections5, or even if it was recently active6. 57 

 58 

Achieving specificity of pre-synaptic inputs is, however, somewhat more challenging. The 59 

conventional method has used stimulation electrodes to excite the axons which run in a 60 

particular lamina. An example of this is in the hippocampus where local stimulation in the 61 

stratum radiatum activates synapses that project from the CA3 to the CA1 subfields7. In this 62 

instance, presynaptic specificity is achieved as CA3 input represents the sole excitatory input 63 

located within stratum radiatum which projects to CA1 pyramidal cells8. This high degree of 64 

input specificity achievable with conventional electrical presynaptic activation of CA3–CA1 65 

axons is, however, an exception which is reflected in the intense study that this synapse has 66 

been subject to. In other brain regions, axons from multiple afferent pathways co-exist in the 67 

same lamina, for example, in layer 1 of neocortex9, thus rendering input-specific presynaptic 68 

stimulation impossible with conventional stimulating electrodes. This is problematic as 69 

different synaptic inputs may have divergent physiological properties; therefore, their co-70 

stimulation may lead to mischaracterization of synaptic physiology. 71 

 72 

The advent of optogenetics, the genetic encoding of photosensitive membrane proteins 73 

(opsins) such as channelrhodopsin-2 (ChR2), has allowed a vast expansion of possibilities for 74 

studying isolated synaptic projections between brain regions10,11. Here we describe a 75 

generalizable and low-cost solution to studying long-range synaptic physiology and plasticity. 76 

The optogenetic constructs are delivered in a highly specific manner using viral vectors 77 

allowing for extremely precise control of the pre-synaptic region of interest. Efferent 78 

projections will express the light-activated channel allowing for activation of these fibers in a 79 

target region. Thus, long-range, anatomically diffused pathways that cannot be 80 

independently activated by traditional, non-specific, electrical stimulation can be studied. 81 

 82 

We describe, as an example pathway, transduction of medial prefrontal cortex (mPFC) with 83 

adeno-associated viruses (AAVs) encoding excitatory cation-channel opsins. We then describe 84 

the preparation of acute slices from lateral entorhinal cortex (LEC), patch-clamp recordings 85 

from layer 5 LEC pyramidal neurons, and light-evoked activation of glutamatergic mPFC-LEC 86 

projections (Figure 1). We also describe the histological assessment of the injection site to 87 

confirm the location of the pre-synaptic region of interest and identification of post-synaptic 88 

cell morphology. 89 

 90 

PROTOCOL: 91 

 92 



All animal procedures were conducted in accordance with the United Kingdom Animals 93 

Scientific Procedures Act (1986) and associated guidelines as well as local institutional 94 

guidelines. 95 

 96 

1. Stereotaxic viral injection 97 

 98 

NOTE: The current protocol requires anatomical, but not post-synaptic cell type, specificity. 99 

 100 

1.1. Choose the appropriate animal. Male wild-type Lister hooded rats were used in this 101 

protocol (300–350 g, approximately 3 months old). 102 

 103 

1.2. Choose the appropriate viral construct. There are several factors to consider (see 104 

Discussion). The current protocol uses a virus to express the optogenetic channel ChETATC
12, 105 

to transduce excitatory neurons (AAV9 – CaMKIIa - ChR2(E123T/T159C) – mCherry; titer: 3.3 106 

x 1013 viral genomes/mL). 107 

 108 

1.3. Establish the coordinates and volume of injection. 109 

 110 

1.4. Stereotaxic injection of the viral preparation 111 

 112 

NOTE: All relevant national and institutional guidelines for the use and care of animals should 113 

be followed. The viral vectors are stereotaxically injected as previously described13 with the 114 

following modifications. 115 

 116 

1.4.1. Keep the viral preparation on ice during anesthetization and preparation of the 117 

animal. 118 

 119 

1.4.2. Induce anesthesia in an anesthetic induction chamber with 4% isoflurane. Monitor the 120 

level of anesthesia indicated by slower regular breathing rate (1 Hz) and absence of pedal and 121 

corneal reflexes (test by pinching toes and lightly touching the corner of the eye, respectively; 122 

no response should be detected). 123 

 124 

1.4.3. When the animal is fully anesthetized, use clippers to remove fur from the scalp. 125 

Switch the isoflurane flow to the nose cone of the stereotaxic frame and mount the rat in the 126 

frame. Apply lubricating eye gel to the eyes to prevent dryness during the procedure. 127 

 128 

1.4.4. The surgery should be undertaken in aseptic conditions. Use sterile gloves and 129 

instruments throughout the procedure. Apply lidocaine ointment (5% w/w) before 130 

disinfecting the scalp with 4% w/v chlorhexidine solution, and then cover the body with a 131 

sterile drape. Using a scalpel, make a longitudinal incision approximately 15 mm in length on 132 

the scalp to expose bregma. 133 

 134 

1.4.5. Load a Hamilton syringe into a microinjection syringe pump attached to a moveable 135 

arm mounted to the stereotaxic frame. 136 

 137 



1.4.6. Place a 5 µL aliquot of the virus in a 0.2 mL tube and spin for a few seconds until all 138 

the volume is in the bottom of the tube. Pipette 2 µL of the viral preparation into the lid of 139 

the tube. 140 

 141 

1.4.7. Fill the syringe with the viral preparation by first viewing the needle tip with a surgical 142 

microscope, and then manually place the bolus of the virus at the tip of the needle and 143 

withdraw the syringe plunger using the pump controls. 144 

 145 

1.4.8. Set the pump injection volume to 300 nL and flow rate to 100 nL/min. Run the pump 146 

and confirm proper flow by observing the droplet of the virus at the needle tip. Absorb the 147 

virus on a cotton bud and gently clean the needle with 70% ethanol. 148 

 149 

1.4.10. Using the adjuster screws on the stereotaxic frame navigate needle tip to bregma (the 150 

point on the skull where the coronal and sagittal sutures meet) and take note of the 151 

stereotaxic measurements observed on the three vernier scales on the frame. The 152 

coordinates relative to bregma of rat mPFC are anterior-posterior + 3.1 mm, mediolateral ± 153 

0.7 mm, dorsoventral - 4.5 mm; add/subtract (as indicated) these distances from bregma 154 

coordinates, and then navigate the needle to the anterior-posterior and mediolateral 155 

coordinates and gently lower the needle onto the skull surface. 156 

 157 

NOTE: The mPFC coordinates given above are appropriate for male lister hooded rats of 300–158 

350 g; changes in rat strain, size may require alterations to these coordinates (see Discussion). 159 

 160 

1.4.11. Raise the needle off the skull surface and mark this point with a fine-tip permanent 161 

marker pen. Make a burr hole at this point using a micro drill mounted to the stereotaxic arm. 162 

 163 

1.4.12. Insert the needle into the brain at the pre-determined dorsoventral coordinate and 164 

infuse a pre-determined volume (for mPFC: 300 nL). Leave the needle in situ for 10 min to 165 

allow for the diffusion of the bolus. Upon removal of the needle, run the pump to ensure that 166 

the needle is not blocked. 167 

 168 

NOTE: Insert and remove the needle slowly (~3 mm/min) to minimize the damage to the brain 169 

tissue and backflow of the virus into the needle tract. 170 

 171 

1.4.13. Administer 2.5 mL of warmed sodium chloride (0.9% w/v) and glucose (5% w/v) 172 

solution subcutaneously to maintain hydration. 173 

 174 

1.4.14. Repeat step 1.4.12. for the second hemisphere. 175 

 176 

1.4.15. Suture the scalp incision and on completion of the procedure, administer 2.5 mL of 177 

sodium chloride and glucose solution and an appropriate, institutionally recommended, 178 

analgesic for pain management, e.g., buprenorphine or meloxicam. Do not leave the animal 179 

unattended while unconscious. Place the rat in a heated recovery box until it fully regains 180 

consciousness. Only return to the home cage with other animals once fully recovered. 181 

 182 



1.4.16. Follow the institutional guidelines for post-operative care and housing procedures for 183 

viral-transfected rodents. Wait for at least 2 weeks for the opsin transgene to express 184 

adequately before starting the experiment. 185 

 186 

NOTE: The time required for transduction is dependent on the distance and strength of the 187 

connection between the pre-and post-synaptic regions. For mPFC to LEC, 4–6 weeks is 188 

required. 189 

 190 

2. Preparation of acute brain slices 191 

 192 

NOTE: Here we describe a simple method for the preparation of brain slices which in our 193 

hands is sufficient to achieve high-quality cortical, hippocampal, and thalamic slices from 194 

adult mice and rats. 195 

 196 

2.1. Prepare the solutions for dissection. 197 

 198 

2.1.1. Fill a 250 mL beaker with ~200 mL of ice-cold sucrose cutting solution (189 mM 199 

sucrose, 26 mM NaHCO3, 10 mM D-glucose, 5 mM MgSO4, 3 mM KCl, 1.25 mM NaH2PO4, and 200 

0.2 mM CaCl2 made in ultrapure water (UPW) with resistivity of 18.2 MΩ cm at 25 °C) or a 201 

sufficient volume to fill the vibratome tissue chamber. Bubble with carbogen (95% O2, 5% 202 

CO2) and keep on ice. 203 

 204 

2.1.2. Fill a slice collection chamber with artificial cerebrospinal fluid (aCSF; 124 mM NaCl, 205 

26 mM NaHCO3, 10 mM D-glucose, 3 mM KCl, 2 mM CaCl2, 1.25 mM NaH2PO4, and 1 mM 206 

MgSO4 made in UPW) at room temperature, bubbled with carbogen. The slice collection 207 

chamber14 is custom made from a microcentrifuge tube rack glued onto a sheet of nylon mesh 208 

and placed into a beaker in which it is submerged in aCSF (Figure 2A). 209 

 210 

2.1.3. Fill a 50 mL tube with 4% paraformaldehyde (PFA) in phosphate buffer (PB; 75.4 mM 211 

Na2HPO4.7H2O and 24.6 mM NaH2PO4.H2O). 212 

 213 

CAUTION: PFA is toxic. Use in fume hood. 214 

 215 

2.2. Dissection of the brain. 216 

 217 

2.2.1. Anesthetize the rat in an induction chamber using 5% isoflurane until breathing is slow 218 

and regular (~1 Hz). To ensure a sufficient level of anesthesia test for the absence of pedal 219 

and corneal reflexes. 220 

 221 

2.2.2. Decapitate the animal using a guillotine. 222 

 223 

2.2.3. Rapidly dissect out the entire brain as previously described15 and transfer into sucrose 224 

cutting solution. Complete the step within 90 s of decapitation for good slice quality and 225 

successful whole-cell recording. 226 

 227 

2.2.4. Using a metal teaspoon, pick up the brain, discard excess cutting solution, and place 228 

it onto a piece of filter paper on the benchtop. 229 



 230 

2.2.5. Using a scalpel or razor blade, quickly remove the cerebellum and cut the cerebrum in 231 

the coronal plane approximately halfway along its length; the posterior half is the LEC tissue 232 

block. Be sure to include some excess tissue in addition to the region to be sliced for the next 233 

steps. Return both this tissue block and the remainder of the brain to the sucrose cutting 234 

solution. 235 

 236 

2.2.6. Place a drop of cyanoacrylate glue onto a vibratome tissue stage. Spread it into a thin 237 

layer with an area slightly larger than the tissue block created in the previous step. 238 

 239 

2.2.7. Pick up the LEC tissue block using a teaspoon, discard excess solution, and transfer 240 

onto the glue patch such that the anterior coronal cut has adhered. 241 

 242 

2.2.8. Install the stage into the vibratome tissue chamber and quickly pour a sufficient 243 

amount of sucrose cutting solution to submerge the tissue; bubble this solution with 244 

carbogen. Orient the LEC tissue block with the ventral surface toward the blade. While 245 

ambient room lighting is insufficient to activate the opsin, avoid using additional light sources 246 

which might be present on the vibratome. 247 

 248 

2.2.9. Cut slices of 350 µm thickness from ventral to dorsal using a high blade oscillation 249 

speed (100 Hz) and a slow blade advancement speed (0.06 mm/s). Typically, seven LEC slices 250 

can be obtained per hemisphere. 251 

 252 

2.2.10. Transfer the slices to the slice collection chamber. Upon completion of slice collection, 253 

transfer the collection chamber to a 34 °C water bath for 1 h before returning to room 254 

temperature. Bubble with carbogen continuously. Slices will be sufficiently healthy for 255 

recording for at least 6 h. 256 

 257 

2.2.11. Place the remainder of the brain in PFA for 48 h for post-hoc examination of injection 258 

site (see section 4). 259 

 260 

3. Electrophysiology and optogenetic stimulation 261 

 262 

3.1. Identification of target cell. 263 

 264 

3.1.1. Place the slice into a submerged recording chamber at 34 °C perfused with aCSF at a 265 

rate of 2 mL/min by a peristaltic pump. Immobilize the slice using a slice anchor. 266 

 267 

3.1.2 Under the low magnification (4x) objective of a widefield microscope using oblique 268 

infrared illumination, navigate to LEC layer 5. Measure the distance from the pial surface to 269 

the required layer. 270 

 271 

NOTE: Oblique infrared illumination was achieved by positioning a near infra-red LED 272 

approximately 3 mm below the recording chamber coverslip at an angle of ~55° to the plane 273 

of the coverslip (Figure 2B). Differential interference contrast is an alternative and commonly 274 

used imaging technique for slice electrophysiology. 275 

 276 



3.1.3. Change to a high magnification water immersion objective (40x) and identify 277 

pyramidal neurons. Mark the position of the cell on the computer monitor with tape. 278 

 279 

NOTE: The pyramidal neurons have a roughly triangular morphology with prominent apical 280 

dendrites projecting toward the pial surface of the slice (Figure 3A). Cell health can be 281 

assessed by the absence of a condensed, visible nucleus and inspection of the plasma 282 

membrane which should appear smooth. It is unlikely that clear fluorescent labeling of axons 283 

by the opsin-fluorophore fusion protein will be visible when using a wide-field fluorescence 284 

microscope. To visualize axonal projections, perform immunohistochemistry post-hoc using a 285 

primary antibody against the opsin’s fluorophore and amplify with a secondary antibody 286 

conjugated to a fluorophore of the same or similar wavelength. 287 

 288 

3.2. Formation of whole-cell patch-clamp. 289 

 290 

3.2.1. Fabricate a borosilicate glass micropipette using a pipette puller and fill with filtered 291 

intracellular recording solution (120 mM k-gluconate, 40 mM HEPES, 10 mM KCl, 2 mM NaCl, 292 

2 mM MgATP, 1 mM MgCl, 0.3 mM NaGTP, 0.2 mM EGTA, and 0.25% biocytin made in UPW, 293 

pH 7.25, 285–300 mOsm). Place the filled micropipette in the electrode holder on the patch-294 

clamp amplifier headstage ensuring the electrode wire is in contact with the intracellular 295 

solution. 296 

 297 

3.2.2 Apply positive pressure by mouth by blowing hard into a mouthpiece (such as a 1 mL 298 

syringe with the plunger removed) connected by tubing to the electrode holder side port and 299 

maintain pressure by closing an in-line three-way valve. Raise the microscope objective such 300 

that a meniscus forms and insert the electrode into the meniscus until it can be seen on the 301 

microscope. 302 

 303 

3.2.3 Open the Seal Test window in WinLTP16 (or other acquisition software/oscilloscope) 304 

and with the amplifier in the voltage-clamp mode, apply a 5 mV square pulse to determine 305 

whether the pipette resistance is 3–5 MΩ. 306 

 307 

3.2.4. Approach and touch onto the identified cell with the pipette tip; this should result in 308 

an indentation in the cell membrane (Figure 3A; right panel) and a small increase in pipette 309 

resistance (0.1 MΩ). 310 

 311 

3.2.5. Release positive pressure and apply negative pressure by applying moderate suction 312 

at the mouthpiece; this should result in a vast increase in pipette resistance (>1000 MΩ). 313 

Pressure can now be left neutral. Apply negative pressure in a gradually increasing ramp until 314 

cell membrane ruptures result in whole-cell capacitance transients. 315 

 316 

3.3. Record optogenetically evoked synaptic events. 317 

 318 

3.3.1. Enter current-clamp configuration. 319 

 320 

NOTE: In most instances long-range synaptic transmission is glutamatergic, therefore 321 

recording at membrane potentials close to the chloride reversal potential will best isolate 322 

AMPA receptor (AMPAR)-mediated transmission and minimize measurement of any feed-323 



forward inhibition (FFI) evoked. Chloride reversal is dependent on the composition of 324 

intracellular recording solution and aCSF and can be calculated using the Goldman-Hodgkin-325 

Katz equation; for the above solutions, this was -61.3 mV. Layer 5 LEC pyramidal neurons had 326 

an average resting membrane potential of -62 mV and, where necessary, were maintained at 327 

this potential by injection of constant current. Alternatively, cells can be voltage clamped to 328 

the desired potential. To record long-range inhibitory projections16 or to record FFI, voltage-329 

clamp at cation reversal potential to isolate GABAergic chloride conductance. When voltage-330 

clamping neurons at membrane potentials above action potential threshold, a cesium-based 331 

intracellular solution containing voltage-gated sodium channel blockers is used to improve 332 

voltage-clamp and prevent initiation of action potentials (130 mM CsMeSO4, 10 mM HEPES, 333 

8 mM NaCl, 5 mM QX 314 chloride, 4 mM MgATP, 0.5 mM EGTA, 0.3 mM NaGTP, 0.25% 334 

biocytin made in UPW, pH 7.25, 285–300 mOsm). 335 

 336 

3.3.2. Using data acquisition software, send transistor-transistor logic (TTL) signals to an LED 337 

driver to activate a mounted 470 nm LED. The mounted LED is directed into the microscope 338 

light path using filter cubes and appropriate optics (Figure 2B) to apply light pulses to the slice 339 

via the 40x objective to evoke optogenetic excitatory post-synaptic potentials (oEPSPs). 340 

 341 

NOTE: Light pulses can be applied perisomatically/over the dendrites, which will result in 342 

activation of opsins in the axons and presynaptic bouton, or the investigator can move the 343 

objective to axons away from the recorded cell to avoid over-bouton stimulation (see 344 

Discussion). Maximal oEPSP amplitude depends on the strength of the synaptic projection, 345 

the efficacy of viral injections, and opsin used. oEPSPs can be titrated to the desired amplitude 346 

by varying light intensity and/or duration18; varying the duration of light pulses (typical 347 

duration between 0.2–5 ms at maximal LED power output, which results in 4.4 mW/mm light 348 

density19) gives more consistent oEPSP amplitudes than altering the power output of the LED. 349 

 350 

3.3.3. Investigate presynaptic release properties (change in voltage) by delivering trains of 351 

multiple light pulses with differing inter-stimulus intervals (Figure 3E); care should be taken 352 

while interpreting optogenetically evoked transmission (see Discussion). 353 

 354 

3.3.4. Investigate long-term plasticity either by repetitively evoking oEPSPs19 or application 355 

of ligands. Monitor oEPSP amplitude for 5–10 min to ensure stability before induction of 356 

plasticity, and then monitor until a stable amplitude is reached (typically 30–40 min). 357 

 358 

NOTE: Current opsins are not capable of reliably evoking multiple action potentials at high 359 

frequencies, e.g., 100 stimuli delivered at 100 Hz, as is typically used to induce LTP. 360 

 361 

3.3.5. To confirm oEPSPs are monosynaptic, perform over-bouton activation of the 362 

transduced pathway by positioning the objective over the dendritic arbor and stimulating in 363 

the presence of 0.5 µM tetrodotoxin and 100 µM aminopyridine. Application of tetrodotoxin 364 

will abolish transmission if the responses are action potential-dependent and subsequent 365 

inclusion of aminopyridine will partially restore transmission if the oEPSPs are generated 366 

monosynaptically19,20. 367 

 368 



3.3.6. To allow biocytin to fill the neuron, wait for at least 15 min after entering the whole-369 

cell configuration. In voltage-clamp, monitor membrane capacitance and input resistance. 370 

 371 

3.3.7. Slowly withdraw the pipette along the approach angle away from the soma of the cell, 372 

observing the slow disappearance of capacitance transients and membrane current indicating 373 

the re-sealing of the cell membrane and formation of an outside-out patch at the pipette tip. 374 

Note the orientation of the slice and the location of the cell(s) within the slice. Put the slice 375 

into PFA in a 24-well plate and incubate overnight at 4 °C, and then transfer to 0.1 M PB. 376 

 377 

NOTE: Slices can be stored for up to a week. If longer storage is required, change the PB 378 

regularly or use sodium azide containing PB (0.02%–0.2% of sodium azide). 379 

 380 

4. Histology 381 

 382 

4.1. Slicing injection site 383 

 384 

4.1.1. Following fixation, cryoprotect the tissue in 30% sucrose (w/v) in PB until it sinks (it 385 

will initially float in the sucrose solution), usually overnight at room temperature or 24–48 h 386 

at 4 °C. 387 

 388 

4.1.2. Using optimal cutting temperature (OCT) medium, attach a block of tissue to cryostat 389 

the specimen disk. Freeze the tissue block following steps 4.1.3 to 4.1.4. 390 

 391 

4.1.3. Place isopentane in an appropriate container. Submerge just the specimen disk, 392 

ensuring the tissue is above the level of the isopentane. Lower the container of isopentane 393 

into liquid nitrogen (or dry ice) and allow the tissue to freeze. 394 

 395 

4.1.4. Once completely frozen (the entire tissue block becomes pale and hard), leave the 396 

tissue block in the cryostat chamber at -20 °C for 30 min to allow the temperature of the block 397 

to equilibrate. 398 

 399 

4.1.5. Cut 40 µm thick sections in the cryostat at -20 °C. Use a fine paintbrush to guide the 400 

sections off the blade. Adhere frozen sections to a room temperature, poly-L-lysine coated, 401 

glass microscope slide by touching the slide to the sections. 402 

 403 

4.1.6. Add around 150 μL of mounting medium to each slide and cover with a coverslip; 404 

remove any air bubbles by gently pressing on the coverslip. Cover the slides to protect against 405 

photobleaching and air-dry at room temperature for at least 12 h (or overnight). Using a 406 

fluorescence microscope, examine the location of the viral injection site. 407 

 408 

4.2. Biocytin staining protocol 409 

 410 

NOTE: This protocol can be applied to thick sections; slices do not need to be re-sectioned. 411 

 412 

4.2.1. Wash the brain slices with phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 413 

10 mM Na2HPO4, and 1.8 mM KH2PO4) six times for 10 min per wash. Use a transfer pipette 414 

to empty the wells after each step. 415 



 416 

4.2.2. Incubate the slices in 3% H2O2 (w/v) in PBS for 30 min to block any endogenous 417 

peroxidase activity. This generates oxygen bubbles. 418 

 419 

4.2.3. Wash the brain slices with PBS six times for 10 min per wash or until no further oxygen 420 

bubbles are visible. Incubate the brain slices in 1% (v/v) avidin-biotinylated HRP complex 421 

(ABC) solution in PBS containing 0.1% (v/v) Triton X-100 at room temperature for 3 h. 422 

 423 

4.2.4. Wash the brain slices with PBS six times for 10 min per wash. 424 

 425 

4.2.5. Incubate each slice in 3,3′-Diaminobenzidine (DAB) solution for several minutes until 426 

the biocytin staining of neuronal structures becomes visible (takes around 5–10 min). 427 

 428 

CAUTION: DAB is toxic. Use in fume hood. 429 

 430 

NOTE: DAB incubation times can be unpredictable, monitor the tissue closely as the color 431 

develops. 432 

 433 

4.2.6. Stop the reaction by transferring the slices in cold (4 °C) PBS. Wash the brain slices 434 

with PBS six times for 10 min per wash. Use a brush to mount the brain slices onto the 435 

adhesive, poly-L-lysine coated glass microscope slides. 436 

 437 

4.2.7. Remove all excess PBS with a clean tissue. Cover each slice with about 200 μL of 438 

mounting medium; cover with coverslips and gently press on the coverslip to push out air 439 

bubbles. Air-dry at room temperature for at least 12 h (or overnight). Using a light microscope, 440 

examine the location and morphological details of the cell(s). 441 

 442 

NOTE: Biocytin can alternatively be visualized using fluorophore-conjugated streptavidin; 443 

however, imaging may require resectioning or the use of a confocal microscope21. 444 

 445 

REPRESENTATIVE RESULTS: 446 

In this protocol, we describe how to study long-range synaptic physiology and plasticity using 447 

viral delivery of optogenetic constructs. The protocol can be very easily adapted to studying 448 

almost any long-range connection in the brain. As an example, we describe the injection of 449 

AAVs encoding an opsin into rat mPFC, the preparation of acute slices from LEC, patch-clamp 450 

recordings from layer 5 LEC pyramidal neurons, and light-evoked activation of mPFC terminals 451 

in LEC (Figure 1). 452 

 453 

A healthy pyramidal cell was located and patched (e.g., Figure 3A). In the present mPFC to 454 

LEC example, the post-synaptic cells were not labeled; if post-synaptic cell identification is 455 

required, a cell expressing the fluorescent marker should be localized using widefield optics 456 

(e.g., Figure 3B). The health of the cell should be assessed by infrared optics before 457 

experimentation. To activate mPFC axons in LEC, an LED was placed directly over layer 5 cell 458 

soma and proximal dendrites via the microscope objective (Figure 1), single light pulses of 2 459 

ms resulted in simple waveform oEPSPs (Figure 3C); the peak amplitude of the oEPSP can be 460 

measured. To examine short-term plasticity of the synapse, 5, 10, and 20 Hz trains of light 461 

stimulation were applied (Figure 3E). To investigate long-term plasticity, after monitoring 462 



baseline oEPSP amplitude for 10 min the cholinergic agonist, carbachol, was added to the 463 

circulating aCSF for 10 min. This caused long-term depression that was still evident 40 min 464 

after removal of the ligand (Figure 3D). 465 

 466 

Following electrophysiological recording experiments, the brain tissue containing the viral 467 

injection site was sectioned and the length of the injection site was examined (Figure 4A). The 468 

fluorescent reporter, mCherry, is localized to the deeper layers of the prelimbic and 469 

infralimbic cortex (constituent regions of rodent mPFC). These layers were targeted as the 470 

projection to LEC has been shown to originate predominantly from the deeper cortical 471 

layers22. mCherry positive fibers can also be seen joining the white matter tract. In a pilot 472 

experiment to optimize viral injection placement, 40 µm sections of LEC were taken and 473 

examined; mCherry positive fibers can be seen in layer 5 of LEC (Figure 4B). Finally, the 474 

biocytin filled cell was stained, allowing its location and morphology to be confirmed (Figure 475 

4C,D). 476 

 477 

FIGURE LEGENDS: 478 

 479 

Figure 1: Experimental overview. (A) Schematic of viral vector injection into medial prefrontal 480 

cortex (mPFC), transduction of mPFC cells with optogenetic construct, and transport of 481 

construct to terminals in lateral entorhinal cortex (LEC). (B) Schematic representation of 482 

whole-cell recording from layer 5 pyramidal neurons in an acute LEC slice and light activation 483 

of mPFC terminals via microscope objective. Abbreviations: CA = cornu ammonis; PERI = 484 

perirhinal cortex; TR = transition region. 485 

 486 

Figure 2: Slice collection chamber and optical configuration for visualized whole-cell 487 

recordings, optogenetic excitation, and identification of tdTomato positive neurons. (A) The 488 

slice collection chamber14 is custom made from a microcentrifuge tube rack glued onto a 489 

sheet of nylon mesh and placed into a beaker in which it is submerged in aCSF (B) LEDs for 490 

excitation of ChR2 (470 nm) and tdTomato (565 nm) are directed through an aspherical 491 

condenser lens to collimate light, 565 nm light is beamed through a band-pass filter to achieve 492 

spectral separation of tdTomato excitation and emission spectra. These are combined with a 493 

long-pass dichroic mirror and directed toward the slice with a second long-pass dichroic 494 

mirror of a longer wavelength. Light is then focused on the slice via the objective lens. In 495 

experiments where tdTomato labeled neurons are present, emitted fluorescent light passes 496 

through the dichroic mirror and emission filter and is focused onto the camera sensor by an 497 

achromatic lens. Non-fluorescent features of the slice are visualized by oblique refracted near 498 

infra-red (NIR) light applied from under the slice chamber; this light passes the optics to the 499 

camera thus negating the need to change filter-cubes between fluorescent and NIR imaging. 500 

 501 

Figure 3: Visualization of neurons under NIR/fluorescent imaging and representative 502 

examples of oEPSPs. (A) Left: Example of neuron with pyramidal morphology visualized with 503 

NIR light. Right: Same neuron with the formation of concave dimple caused by positive 504 

pressure from the patch pipette. (B) Cre-recombinase dependent expression of tdTomato in 505 

a single neuron. (C) Representative oEPSP from LEC layer 5 in the pyramidal cell. (D) Example 506 

of long-term plasticity experiment monitoring oEPSP over time following addition of 10 µm 507 

carbachol (CCh). The dotted line indicates average oEPSP amplitude during baseline period 508 



before drug addition. (E) Representative traces of trains of stimulation at 5, 10, and 20 Hz. 509 

Blue arrows denote light activation. Scale bars = 20 µm. 510 

 511 

Figure 4: Histological verification of injection site and recovery of biocytin filled cell. (A) 512 

Coronal photomicrograph showing viral injection site in mPFC, +3.00 mm from bregma. (B) 513 

Thin coronal section of LEC illustrating mCherry+ fibers. (C) Low power image of 350 µm thick 514 

acute slice, -6.2 mm from bregma, with biocytin filled pyramidal cell in LEC. The dashed box 515 

is shown at higher magnification in D. (D) LEC pyramidal cell; the apical dendrite can be seen 516 

on the right of the image heading toward layer 1. Dashed lines denote regional borders. 517 

Abbreviations: IL = infralimbic cortex; PL = prelimbic cortex; wm = white matter. Scale bars = 518 

250 µm. 519 

 520 

DISCUSSION: 521 

The protocol presented here describes a method to explore highly specific long-range 522 

synaptic projections using a combination of stereotaxic surgery to deliver AAVs encoding 523 

optogenetic constructs, and electrophysiology in acute brain slices (Figure 1). Together these 524 

techniques offer tools to characterize the physiology and plasticity of brain circuitry with high 525 

precision in long-range and anatomically diffuse pathways that were previously inaccessible 526 

using traditional, non-specific, electrical stimulation. Combination with cell-specific molecular 527 

markers allows characterization of projections from one brain region to different defined cell 528 

populations in another region23. 529 

 530 

To take full advantage of the highly precise nature of this technique, it is essential to verify 531 

pathway specificity. This is done in several steps; during recording, ensure the synapse under 532 

investigation is mono-synaptic (step 3.3.5). Following this, histologically examine the injection 533 

site to ensure the virus is confined to the intended pre-synaptic region of interest and assess 534 

the location and morphology of the biocytin stained post-synaptic cell to ensure it is as 535 

anticipated. 536 

 537 

Virus selection and achieving cellular specificity 538 

The technique is highly adaptable and suitable for use in both mice and rats. Experiments 539 

requiring anatomical specificity can be performed with wild-type rodents. Experiments 540 

requiring post-synaptic cell type specificity may require a genetically modified rodent strain 541 

if cells are not identifiable based on morphology or location. For example, to target 542 

parvalbumin (PV) expressing interneurons, a PV-Cre knock-in transgenic mouse line in which 543 

Cre-recombinase is expressed in PV-expressing neurons could be used. To visualize these 544 

cells, the PV-Cre line can be crossed with a reporter mouse line to express a fluorescent 545 

protein following Cre-mediated recombination. Alternatively, a Cre-dependent fluorescent 546 

reporter gene can be introduced virally. ChR2-fluorophore fusion proteins are restricted to 547 

the cell membrane and may appear as an outline of the neuron when viewed with widefield 548 

microscopy in acute slices making identification of cells for whole-cell recording more 549 

challenging than using cytosolic fluorophores. If ChR2 is being used to identify cells, 550 

separation of ChR2 and fluorophore can be achieved using bicistronic vectors24. If using a 551 

fluorescent reporter to identify target neurons for whole-cell recording, its excitation 552 

wavelength should ideally not overlap with the activation wavelength of the opsin; this will 553 

avoid prolonged activation of transduced afferents while searching for neurons to record 554 

from. Likewise, pre-and post-synaptic reporters should be spectrally separate. Common 555 



reporters are mCherry, green fluorescent protein (GFP), and enhanced yellow fluorescent 556 

protein (eYFP). 557 

 558 

The viral construct used has several different components, each can impact the success of the 559 

experiment and so consideration must be given to each element. Primary importance should 560 

be given to the choice of opsin. For presynaptic activation, the ideal opsin has large 561 

photocurrents (to reliably bring axons to action potential threshold), rapid on- and off-562 

kinetics, and a slow rate of desensitization to allow high-frequency repeated stimulation. As 563 

a rule, rapid kinetics often come at the cost of smaller photocurrents25; however, molecular 564 

screening and engineering have provided opsins with large photocurrents. The current 565 

protocol uses ChR2(E123T/T159C) ChETATC
12, however Chronos26, CheRiff27, oChIEFAC

28, and 566 

ChRmine29 are also suitable. Additionally, excitatory opsins with either red-shifted 567 

(ChrimsonR)26 or violet-shifted (CheRiff) activation wavelengths exist, which may be required 568 

to avoid overlap with excitation spectra of fluorophores used for cell identification (see 569 

below). 570 

 571 

The serotype of AAVs can affect the vector’s ability to transduce different brain regions and 572 

cell types as well as the extent of axonal transport in both the anterograde and retrograde 573 

directions30. Serotypes commonly used for neuronal transduction are 1, 2, 5, 8, and 9. A 574 

literature search may give an indication of which serotype has been used successfully in any 575 

given region. For example, AAV9 has been recommended for the transduction of cortical 576 

neurons31. 577 

 578 

The promotor allows for the specification of the cell type in which the opsin will be expressed. 579 

Promotors fall into several classes. General promotors, e.g., CAG or EF1a, result in expression 580 

in most cell types. Neuron-specific promotors, e.g., synapsin, generate expression in all 581 

neuron types. CaMKIIa is commonly used to restrict expression to excitatory neurons 582 

although it has been shown to be leaky—some expression has been observed in 583 

interneurons32. The mDlx enhancer element limits expression to GABAergic interneurons33. 584 

Pre-synaptic cell type specificity can be achieved using a Cre-mouse line (as described above 585 

for the post-synaptic cell). In this case, a Cre-dependent genetic construct will be required to 586 

limit opsin expression to Cre-expressing cells. 587 

 588 

Titre is the number of viral particles in the viral preparation. Again, a literature search may 589 

give an indication of a titre that has generated sufficient transduction in a particular region. 590 

When using a Cre-dependent system, the titre may be particularly important as high viral 591 

titres can transduce expression in non-Cre-expressing cells34. 592 

 593 

Optimization of virus delivery 594 

Precise viral delivery to the region of interest is of critical importance to this approach. 595 

Injection coordinates of the pre-synaptic region can be estimated by consulting the literature 596 

and/or a brain atlas for the appropriate species35,36. The experimenter should then take time 597 

to optimize and refine the precise injection coordinates and volume used to ensure that the 598 

viral injection is restricted to their presynaptic region of interest. This is especially critical 599 

when neighboring regions also project to the recording site. We recommend using small 600 

volumes of the virus as an effective method of doing this. If a particularly small injection site 601 

is required, the use of glass micropipettes in place of a syringe and needle may be 602 



advantageous13. Leaving the injection needle in situ for an adequate period and slow 603 

withdrawal of the injection needle is critical to prevent the virus from escaping into the needle 604 

tract. To confirm the accuracy of injections, it is best practice to histologically verify the 605 

injection site of each animal used through electrophysiology where possible and exclude data 606 

where viral transduction is off-target. In our hands, the protocol described above has proven 607 

to be generalizable to many different long-range connections, including projections from 608 

ventral midline thalamic nuclei, hippocampus, mediodorsal thalamus, and LEC to PFC; 609 

projections from PFC to LEC and mediodorsal thalamus; projections from LEC and ventral 610 

midline thalamic nuclei to hippocampus (Zafar Bashir lab, University of Bristol, unpublished 611 

observations19). Optogenetic labeling of these different pathways has merely required 612 

refinement of injection coordinates and volumes. 613 

 614 

Protocol limitations 615 

Rapid dissection of the brain and careful slicing are critically important for the success of these 616 

experiments. The slicing protocol described here yields healthy acute slices without 617 

adaptation for different brain regions; however, variation in slicing medium and post-slicing 618 

incubation temperature described elsewhere28 have been reported to improve slice health 619 

further. Moreover, we have also been able to take acute slices from two brain regions 620 

following viral transduction of a single area, thus reducing the number of animals used. We 621 

have found that in anatomically dense pathways, periods as short as 7 days between viral 622 

transduction and recording are sufficient to evoke robust oEPSPs of suitable magnitude for 623 

whole-cell patch-clamp recordings. In longer-range or more sparse projections, longer delays 624 

are advantageous. 625 

 626 

Care should be exercised when interpreting the results of optogenetically evoked activity, 627 

particularly with respect to short-term plasticity. Previous results have shown that 628 

optogenetically evoked transmission may undergo more pronounced synaptic depression 629 

upon repeated stimulation than electrical stimulation, which may arise due to a number of 630 

factors. Firstly, opsin desensitisation25 may lead to a reduced number of presynaptic neuron 631 

spiking leading to reduced postsynaptic responses. The improved channel kinetics of recently 632 

discovered opsins and those having undergone molecular engineering (see above) have gone 633 

a considerable way to mitigate effects of desensitization; however, 100 Hz stimulation 634 

remains beyond the reach of many opsins, which may impede the use of certain long-term 635 

plasticity induction protocols (though see37). Second, the slow kinetics of opsins may broaden 636 

action potentials18 leading to prolonged transmitter release and vesicular depletion; this may 637 

also result from the calcium permeability of excitatory opsins11; these issues can be mitigated 638 

by avoiding over-bouton photoactivation38. Third, transduction of neurons using AAV vectors 639 

may also lead to altered presynaptic release properties in certain synapses; however, this may 640 

be mitigated by using the AAV9 serotype38. Despite these limitations, with careful use, 641 

optogenetic activation can mimic electrical stimulation19,38 and is, therefore, an invaluable 642 

tool in investigating the physiology of unstudied synaptic pathways. We also note that the 643 

data shown in Figure 3E assess short-term plasticity in current-clamp and is, therefore, subject 644 

to interaction of synaptic potentials and intrinsic membrane properties, this can be avoided 645 

by performing equivalent experiments in voltage-clamp. 646 

 647 

Future directions 648 



The ever-expanding optogenetic toolbox has raised the possibility of applying this technology 649 

in two synaptic pathways in the same preparation, by using a pair of opsins with divergent 650 

excitation spectra. This is made possible by the use of an opsin ChrimsonR26, which, unlike 651 

ChR2, is photoactivated by red wavelength light. ChrimsonR retains low-sensitivity to blue 652 

light, thus to avoid cross pathway activation it can be used in combination with red-insensitive 653 

opsins, which are violet shifted (CheRiff 27) and/or have orders of magnitude higher sensitivity 654 

to blue light (Chronos26). This allows for the use of blue/violet light stimuli which are too weak 655 

to significantly activate ChrimsonR and therefore allow activation of two pathways39,40, which 656 

may increase experimental throughput, allow examination of convergent pathway 657 

interactions, and allow the release of neuromodulators from endogenous sources41. 658 
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Dear Editor 

We would like to thank you and the reviewers for your helpful comments and 

suggestions. Based on these we have made significant changes and improvements to the 

manuscript; the changes in response to each of the individual comments are outlined in 

blue below. 

 

Editorial comments: 

Changes to be made by the Author(s): 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that 

there are no spelling or grammar issues. Please define all abbreviations at first use.  

2. Please keep in mind that in a methods paper with an accompanying video, it will be 

better for the title to represent whatever is described in the paper and the video. Please 

be more specific with your title and the method you describe. It will be easier to film as 

well. 

- We have made changes throughout the manuscript to focus more specifically on the 

mPFC to LEC projection. 

 

3. Being a video based journal, JoVE authors must be very specific when it comes to the 

humane treatment of animals. Regarding animal treatment in the protocol, please add 

the following information to the text: 

a) Please include an ethics statement before all of the numbered protocol steps 

indicating that the protocol follows the animal care guidelines of your institution. 

-An ethics statement has been added at the beginning of the protocol section. 

 

b) Please specify the euthanasia method. 

-this has been made clearer in steps 2.2.1/2. 

 

c) Please mention how animals are anesthetized and how proper anesthetization is 

confirmed. 

-included in step 1.4.2. 

 

d) Please specify the use of vet ointment on eyes to prevent dryness while under 

anesthesia. 

-included in step 1.4.2.  

 

e) For survival strategies, discuss post-surgical treatment of animal, including recovery 

conditions and treatment for post-surgical pain. 

-included in step 1.4.8. 
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f) Discuss maintenance of sterile conditions during survival surgery. 

 -included in step 1.4.3. 

 

g) Please specify that the animal is not left unattended until it has regained sufficient 

consciousness to maintain sternal recumbency. 

-included in step 1.4.8. 

 

h) Please specify that the animal that has undergone surgery is not returned to the 

company of other animals until fully recovered. 

-included in step 1.4.8. 

 

i) Please do not highlight any steps describing euthanasia. 

 

4. Please revise the text, especially in the protocol, to avoid the use of any personal 

pronouns (e.g., "we", "you", "our" etc.). 

-Personal pronouns in the protocol have been removed. 

 

5. Please ensure that all text in the protocol section is written in the imperative tense as if 

telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions 

should be described in the imperative tense in complete sentences wherever possible. 

Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the 

Protocol. Any text that cannot be written in the imperative tense may be added as a 

“Note.” However, notes should be concise and used sparingly. Please include all safety 

procedures and use of hoods, etc. 

-Changes have been made throughout the protocol section so that all steps are in the 

imperative tense. 

 

6. The Protocol should contain only action items that direct the reader to do something. 

Please move the discussion about the protocol to the Discussion. 

-Several points from the start of the protocol have been moved to the discussion.  

 

7. JoVE cannot publish manuscripts containing commercial language. This includes 

trademark symbols (™), registered symbols (®), and company names before an 

instrument or reagent. Please remove all commercial language from your manuscript 

(this includes the figures and the legends) and use generic terms instead. All commercial 

products should be sufficiently referenced in the Table of Materials and Reagents. e.g., 

Falcon tubes etc 



-Have removed reference to falcon tube. 

 

8. Please note that your protocol will be used to generate the script for the video and 

must contain everything that you would like shown in the video. Please ensure you 

answer the “how” question, i.e., how is the step performed? Alternatively, add references 

to published material specifying how to perform the protocol action. There should be 

enough detail in each step to supplement the actions seen in the video so that viewers 

can easily replicate the protocol. 

-Several steps in the protocol have been expanded upon. 

 

9. Please highlight up to 3 pages of the Protocol (including headings and spacing) that 

identifies the essential steps of the protocol for the video, i.e., the steps that should be 

visualized to tell the most cohesive story of the Protocol. This will ensure that filming will 

be completed in one day. Remember that non-highlighted Protocol steps will remain in 

the manuscript, and therefore will still be available to the reader. 

 

10. Please include a scale bar for all images taken with a microscope to provide context 

to the magnification used. Define the scale in the appropriate Figure Legend. 

-Scale bars added to figure 3A&B and legend. 

 

11. Please ensure that the references appear as the following: [Lastname, F.I., LastName, 

F.I., LastName, F.I. Article Title. Source (ITALICS). Volume (BOLD) (Issue), FirstPage–

LastPage (YEAR).] For 6 and more than 6 authors, list only the first author then et al. 

Please include volume and issue numbers for all references, and do not abbreviate the 

journal names. Make sure all references have page numbers or if early online publication, 

include doi. 

-Amended. 

____________________________________ 

Reviewers' comments: 

Reviewer #1: 

Manuscript Summary: 

The manuscript described one method for transduction of opsin by viral vector into 

mPFC and tried to induce LTP of photocurrents in LEC. 

 

Major Concerns: 

The advantage of this protocol over previous protocols and its application should be 

discussed. 

-The main advantages of this protocol over traditional electrical stimulation - the 

high degree of stimulation specificity and access to anatomically diffuse and long-

range pathways - has been added to the first paragraph of the discussion. 



Limitations relating interpretation of optogenetically evoked activity and 

stimulation at high frequencies are discussed the penultimate paragraph of the 

discussion. 

 

How to improve virus transduction and slice quality can be discussed. 

-In relation to viral transduction, we have included significantly more discussion of the 

viral constructs to the discussion (Virus selection and achieving cellular specificity 

section) as well as recommendations on how to precisely target the chosen pre-

synaptic region of interest (Optimization of virus delivery section).  

-Regarding slice quality we have amended step 2.2.2 to indicate that rapid removal of 

the brain following decapitation is critical to achieving high quality slices and have 

added a citation describing alternative slice incubation protocols to the limitations 

section of the discussion for readers to reference which may improve slice health, 

however these steps have not been necessary in our laboratory. 

 

What are the critical steps for the protocol should be labeled. 

-We have not labelled the critical steps in the protocol section as it is not common 

practice for JoVE but we have highlighted critical steps in the discussion.  

 

How to verify the protocol is pathway- and cell-specificity? 

-How to achieve cell-type specificity is detailed in the “Virus selection and achieving 

cellular specificity” section of the discussion.  

-Verifying pathway specificity is achieved across several steps of the protocol, these have 

been described together at the start of the discussion. 

The rationale for the study is not clear, the Introduction and Discussion require 

improvement 

- Improvements have been made to the introduction and the discussion, however, we 

would like the focus of the introduction to remain on the justification for using 

optogenetic stimulation. We feel the rationale for investigating our pathway of interest 

from medial prefrontal cortex to lateral entorhinal cortex is beyond the scope of a 

methods paper.  

 

Minor Concerns: 

The Title and Abstract is not indicative. 

-The brain regions of interest have been added to the title and abstract and other 

changes have been made to the abstract to make it more representative of the 

protocol. 

What are page 20- 22? 

- We’re not sure, our version of the submitted manuscript has 18 pages. 



Reviewer #2: 

Manuscript Summary: 

The manuscript by Kinnavane and Banks describes the experimental procedures to 

perform ex vivo optogenetic synaptic transmission for long-range projections and in this 

study they choose as example the medial prefrontal cortex (mPFC) to lateral entorhinal 

cortex (LEC) glutamatergic synapse. The authors provide a comprehensive step by step 

description of the procedure required to perform optogenetic experiments in acute brain 

slices. All the key steps are indicated from viral vector stereotaxic injections, brain slice 

preparation and patch-clamp combined with optogenetic stimulation of the transfected 

pathway. I believe this methodological work will be useful for research groups which plan 

to implement ex vivo optogenetics in their labs. 

 

Major Concerns: 

The introduction is missing references supporting authors statement. Please expend the 

reference list for this part of the manuscript. 

-Please see addition of references 1-8. 

 

Minor Concerns: 

- Line 108 : For a method article, I find the section 1.4 not detailed enough. Can the 

authors provide more details about animal preparation, type of anesthesia, etc… 

-Significantly more detail has been added to section 1.4. 

 

- Line 184-185: "…and apply pressure by mouth or with a syringe." 

-We have added further detail to this line. 

 

- Line 203: "… channel blocker should be used to prevent…" 

-We have altered the description to be non-specialist friendly. 

 

- Lines 206-216: Can the authors provide the power of the LED required to have enough 

light to successfully activate synaptic release? Can the authors provide the value of the 

maximal light intensity of the collimated beam, for the readers to have an idea of what 

they should aim for in they want to apply the same stimulation protocol? 

-The standard light intensity used has been added. 

 

Can they also mention the alternative of using a fiber optic placed above the slice? 

-This alternative has now been mentioned. 

 

- Line 236: can the author add "… change the PB regularly or use sodium azide-

containing PB (0.02-0.2%)." 

-Also included this alternative. 



 

- Line 258: Section 4.2. Please indicate somewhere in this section in a note that biocytin 

can be revealed using streptavidin conjugated with fluorophores. 

-A note has been added to section 4.2.11 indicating this possibility, along with a 

suitable reference. 

- Figure 3B: Why the authors did not show a fluorescent image of cre-dependent ChR2-

mcherry expressing pyramidal neurons rather than a dtomato expressing neuron. Given 

that ChR2-mcherry fusion protein is expressed as the membrane the labeling will be 

completely different and therefore the image in panel 3B can be misleading for the 

readers who are not familiar with ChR2 expression in neurons. 

-For the experiments described we have not used ChR2-fluorophore fusion 

proteins for cell identification. ChR2-transduced neurons at the injection site have 

been preserved for histological assessment of injection sites and are therefore not 

subject to whole-cell recording, in keeping with the theme of the paper which is 

study of long-range transmission. We agree that unfamiliar readers may not 

appreciate the difference in fluorescence when using ChR2-fusion proteins and 

have therefore added this to the discussion. 

 

- Figure 3E: Usually, when one want to study the synaptic plasticity of a synaptic 

connection this experiment is performed in voltage-clamp configuration rather than in 

current-clamp configuration to avoid the interaction between the synaptic events with 

the membrane properties of the recorded neurons (synaptic integration). I think it will be 

preferable to show voltage-clamp traces in figure 3E if possible. 

-These experiments were performed only in current clamp, therefore it is not 

possible to present voltage-clamp data here. However, we have now added a 

statement to the discussion pointing out that current-clamp is subject to these 

interactions. 

 

- Figure 4: Image quality in figure 4A and B is pretty poor. Better images should be 

provided by the authors. 

-The original version of these images is of higher quality than that seen in the 

submitted manuscript. We will ensure the final submitted version is of appropriate 

quality. That being said, we have altered the image in panel B to include an inset of 

higher magnification to more clearly demonstrate mCherry positive fibres. 

 

Reviewer #3: 

Manuscript Summary: 

In this manuscript, Kinnavane and Banks described methodology and protocol for 

stereotaxic surgery of microinjection of optogenetics viral vector in particular brain 

regions in combination with ex vivo slice electrophysiology and post-hoc histology to 



study long-range synaptic transmission and plasticity. Although the methodology that 

combines optogenetics with ex vivo slice electrophysiology to study long-range synaptic 

transmission over different brain regions has long been established and there are many 

scientific publications available using this approach, the protocol that describes detailed, 

step-by-step procedures like the current manuscript could still be helpful for many 

researchers who are interested in implementing this technique. Below is a list of points 

needed to be addressed to strengthen the manuscript. 

 

Minor Concerns: 

required at least 2 weeks…" would be more appropriate. 

-Amended. 

 

Line 132, it would be more informative if authors could describe the size of the beaker 

and volume of the cutting solution used. 

-We have amended the manuscript to include these details. 

 

Line 136, as it is methodology and protocol manuscript, it would be better if author can 

describe what kind of slice collection chamber used. 

-A brief description of the collection chamber has been added and a photograph 

added (Fig2A) as well as a reference to a paper which contains instructions on how 

to make an equivalent collection chamber. 

 

 Line 145, what type of teaspoon, plastic or metal? Where was a piece of filter paper put 

on, on bench top, on a petri dish or on something else? 

-Details added. 

 

Line 151, what vibratome did authors use? I couldn't found the manufacture and model 

number on the Table of Materials list. 

-We have added these to the materials list. 

 

Line 161, typically, how many 350um LEC slices could be obtained per hemisphere? 

-Details added. 

 

Line 167, how was aCSF fed to the recording chamber, using a pump or gravity? 

-We have added this detail to the manuscript and the model number to the 

materials list. 

 



Line 172, "high magnification immersion objective" should be "high magnification water 

immersion objective". What optics was used to identify pyramidal neurons under 40x 

water immersion objective, DIC, Hoffman or something else? 

-Oblique infrared illumination was used, this has now been added to section 3.1.2. 

including the angle of illumination used, the near IR LED is already included in the 

materials list. We have also added a note to suggest DIC as a commonly used 

alternative. 

 

Line 182-184, what were the osmolality and pH of the pipette solution? 

-These details have been added to the manuscript. 

 

Line 197-199, Recording at membrane potential around -70mV does not warrant for 

proximity around the chloride reversal potential. It really depends on the chloride 

concentration in pipette solution. It should be clarified and more specific. 

-We have revised section 3.3.1 including how to calculate chloride reversal using 

GHK and have quoted the calculated chloride reversal for the solutions used. We 

have also corrected the membrane potential used which was erroneously stated as 

-70 but was in fact -62 mV. 

 

Figure 1 legend, Line 310-311; the right panel is not an acute slice, rather a drawing to 

represent whole-cell recording from a layer 5 pyramidal neuron in an acute LEC slice. 

- Have amended figure legend. 

 

Figure 2. The microscope setup was not only used for optogenetic excitation and 

identification of tdTomato positive neurons, but also for visualized whole cell recordings. 

Thus, the figure and legend need to be revised. Also, the Figure 2 (Line 211) is called out 

after Figure 3 (Line 174) in the main text. Figures should be called out sequentially. If 

Figure 2 includes the light path for visualized whole cell recordings, it could be called out 

before Figure 3. 

-We have amended the legend and figure to make clear the visualised whole-cell 

recording. 

 

Figure 4 A, B and C. it would be helpful if authors could outline layers of PFC and LEC in 

the panels. 

-Cortical layers have been added to these images. 
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